From a laboratory strain of the pea aphid, Acyrthosiphon pisum, we discovered a previously unknown facultative endosymbiotic bacterium. Molecular phylogenetic analysis based on 16S ribosomal DNA revealed that the bacterium is a member of the genus Spiroplasma. The Spiroplasma organism showed stable vertical transmission through successive generations of the host. Injection of hemolymph from infected insects into uninfected insects established a stable infection in the recipients. The Spiroplasma symbiont exhibited negative effects on growth, reproduction, and longevity of the host, particularly in older adults. Of 58 clonal strains of A. pisum established from natural populations in central Japan, 4 strains possessed the Spiroplasma organism.
Almost all aphids (Homoptera: Aphididae) possess an intracellular symbiotic bacterium, Buchnera sp., in the cytoplasm of mycetocytes (or bacteriocytes), hypertrophied cells in the abdomen specialized for endosymbiosis (1, 3) . The aphids and their Buchnera symbionts are intimately mutualistic; the symbionts cannot survive when removed from the host cells, and the aphids suffer sterility or death when deprived of their symbionts (20, 23, 29) . Aphids are thought to provide their Buchnera symbionts with a stable niche and nutrients, while Buchnera symbionts synthesize essential amino acids and other nutrients for the host (1, 7, 8) . The evolutionary origin of the endosymbiotic association is believed to be quite ancient. Buchnera symbionts of various and distantly related aphid species are descended from a bacterium that was acquired by the common ancestor of extant aphids and have cospeciated with their hosts (27, 28) . Phylogenetically, the Buchnera symbionts belong to the ␥ subdivision of the Proteobacteria (34) . Because of their prevalence and importance in aphids, Buchnera spp. and the mycetocytes harboring them are often referred to as primary symbionts (P symbionts) and primary mycetocytes, respectively.
In addition to the Buchnera P symbionts, a number of aphids possess additional types of vertically transmitted endosymbiotic bacteria, which have been collectively referred to as secondary symbionts (S symbionts) or accessory symbionts (3, 10, 11, 15, 31) . These additional bacteria are found in many, but not all, lineages of aphids, show remarkable differences in morphology, localization, and quantity between lineages, and are thought to be of polyphyletic evolutionary origins (3, 10, 11, 15, 31) . They are often, but not always, harbored in different types of specialized cells, such as secondary mycetocytes and sheath cells, which constitute a mycetome (or bacteriome) with the primary mycetocytes in the abdomen of the insects, whereas other tissues and hemolymph may also be populated by them (4, 16) . The microbiological nature of the S symbionts from various aphids is mostly unknown. To date, molecular phylogenetic studies on S symbionts of aphids have been conducted only on those of Acyrthosiphon pisum, Macrosiphum rosae, and Uroleucon complex (4, 5, 31, 34) . Biological effects of the S symbionts on the host insects are largely unknown, although two facultative S symbionts of A. pisum were recently shown to have mostly negative effects on the growth and reproduction of the host (6) . Some S symbionts exhibit partial infection in host populations, in which cases they are likely to be facultative endosymbiotic associates of a neutral or parasitic nature (4, 5, 16, 31) . Other S symbionts exhibit complete infection in host populations and occupy a considerable biomass in the host body, in which cases they may be essential endosymbiotic companions in addition to the Buchnera P symbiont (10, 15, 31) .
From the pea aphid, A. pisum, several different types of facultative S symbionts have been characterized. A rod-or tubeshaped bacterium closely related to Serratia spp. was identified in the secondary mycetocytes, sheath cells, and hemocoel of a number of American and Japanese strains and referred to as a pea aphid secondary symbiont (PASS) (4, 6), S symbiont (16, 34) , or R-type symbiont (31) . A rod-shaped bacterium which belongs to the genus Rickettsia was identified in the hemolymph of American strains of A. pisum and referred to as pea aphid Rickettsia (PAR) (5) . Recently, two other endosymbiotic bacteria were reported from American strains of A. pisum and designated a T-type symbiont and a U-type symbiont (31) . Therefore, the endosymbiotic organization of A. pisum can be formulated as the obligate P symbiont Buchnera together with one or a few optional S symbionts. A number of interesting subjects concerning the S symbionts have been little investigated, such as biological effects on the host, cooperative or antagonistic interactions with the P symbiont Buchnera, localization and population dynamics through the host's developmental course, etc. In order to understand the complex endosymbiotic relationships, a thorough grasp of the endosymbiotic microbiota in populations of A. pisum is essential.
In the present study, we report the discovery of a novel type of secondary endosymbiotic bacterium, which belongs to the genus Spiroplasma, from a Japanese strain of A. pisum. The microbiological nature, inheritance and transmission, effects on the host insect, and prevalence in natural populations of the Spiroplasma symbiont were investigated.
MATERIALS AND METHODS

Materials.
The Japanese strains of A. pisum used in this study are listed in Table 1 . Seven laboratory strains are the same as those previously investigated (16) . The other 58 strains are newly established isofemale lines collected by one of us (T.T.) from April to June 2000 at 43 localities covering central Japan. All these strains were reared on seedlings of the broad bean, Vicia faba, at 20°C in a long-day regimen, 16 h of light and 8 h of dark.
Molecular biological procedures. The DNA of A. pisum and its endosymbionts was individually extracted from an insect using a QIAamp tissue kit (Qiagen). PCR amplification of eubacterial 16S ribosomal DNA (rDNA) using primers 16SA1 and 16SB1, cloning of the products, typing of the clones by restriction fragment length polymorphism (RFLP), and sequencing of the clones were conducted as previously described (16) .
Molecular phylogenetic analysis. A multiple alignment of 16S rDNA sequences was conducted using the program package Clustal W (33). The final alignment was inspected and corrected manually. Ambiguously aligned regions were excluded from the phylogenetic analysis. Nucleotide sites that included an alignment gap(s) were also omitted from the aligned data set. Neighbor-joining trees (30) were constructed with Kimura's two-parameter distance (25) using Clustal W. Maximum-parsimony trees were constructed using the program package PAUP 4.0b2 (32) . A bootstrap test (9) was conducted with 1,000 resamplings.
Diagnostic PCR of laboratory strains. Diagnostic PCR detection of 16S rDNA of the endosymbiotic bacteria was performed using specific reverse primers ApisP1 for the P symbiont Buchnera, PASScmp for the PASS, Rick16SR for Rickettsia spp., and TKSSsp for Spiroplasma spp., in combination with the universal forward primer 16SA1, under a temperature profile of 94°C for 2 min followed by 30 cycles of 94°C for 1 min, 55°C for 1 min, and 70°C for 1 min ( Table 2) .
Examination of hemolymph. The abdominal dorsa of adult aphids, the surfaces of which had been sterilized by washing with 70% ethanol and sterile water, were fixed onto glass slides with Scotch tape. The legs of the insects were removed by forceps, and hemolymph was collected from the injury with a glass capillary. About 1 l of hemolymph was subjected to either DNA extraction with a QIAamp tissue kit or direct microscopic observation. For the latter procedure, the hemolymph was applied to microscope immersion oil on a glass slide, covered with a coverslip, and observed with a phase-contrast microscope. For reference, a male-killing Spiroplasma strain harbored by a Drosophila melanogaster strain was observed at the same time.
Injection of hemolymph. Injection of hemolymph was performed under a dissecting microscope using ultrathin glass capillary tubes made by a microelectrode maker PN-3 (Narishige Scientific Instrument) connected to an air pump. Hemolymph of the donor insects, adults of the strain SM, was prepared as described above and sucked into a capillary tube. The capillary was inserted into the base of the second or third leg of recipient insects, third-instar nymphs of strain AIST, which were anesthetized in a stream of carbon dioxide. About 0.1 l of hemolymph was injected into the recipients by air pressure. To confirm that injection itself does not damage or affect the recipient insects, we also transferred hemolymph between AIST insects and between SM insects as control treatments.
Evaluation of effects on the host insect. To evaluate the effects of the Spiroplasma infection on the fitness parameters of the host insect, two insect lines of identical AIST genetic backgrounds with and without the Spiroplasma symbiont were established. One line was injected with hemolymph of strain SM and the other line was injected with hemolymph of strain AIST. We used these lines for experiments 6 months after the injection, when the former line, AIST-Sp ϩ , had been stably infected with the Spiroplasma and the latter line, AIST-Sp Ϫ , was free of it. The insects were individually reared on seedlings of the broad bean at 20°C in a long-day regime, 16 h of light and 8 h of dark, and their fresh body weight, production of offspring, and life span were monitored.
Diagnostic PCR of newly established, field-collected strains. The newly established strains of A. pisum collected from natural populations in Japan were examined for infection with Spiroplasma, PASS, and Buchnera by specific PCR detection. To prepare template DNA, a simple boiling-preparation method was adopted (17) : an insect was squashed in a 0.5-ml plastic tube with 100 l of SB (10 mM Tris-HCl [pH 8.0], 1 mM EDTA, 25 mM NaCl, 2 mg of proteinase K/ml), incubated at 55°C for 30 min, heated at 99°C for 10 min, and centrifuged, and the resultant supernatant was used for PCR detection. To confirm reproducibility of the results, two second-or third-instar nymphs from each strain were independently subjected to the analysis. Spiroplasma was detected using primers 16SA1 and TKSSsp, targeting 16S rDNA, and primers ApDnaAF1 and ApDnaAR1, targeting dnaA. PASS was detected using primers 16SA1 and PASScmp, targeting 16S rDNA, and primers GroEAF1 and GroEAR1, targeting groEL. Buchnera was detected using primers Buch16S1F and Buch16S1R, targeting 16S rDNA (Table 2 ). PCR conditions were 95°C for 4 min, followed by 35 cycles of 95°C for 30 s, 55°C for 30 s and 72°C for 1 min.
Nucleotide sequence accession numbers. The 16S rDNA sequences of the Spiroplasma symbiont from A. pisum strains SM, MD-2, NI, YR-1, and YR-2 have been deposited in the DDBJ/EMBL/GenBank nucleotide sequence databases under accession numbers AB048263 and AB050443 to AB050446, respectively.
RESULTS
Analysis of 16S rDNA amplified from strain SM. Almost the entire length of eubacterial 16S rDNA in strain SM was amplified by PCR, and the products were subjected to cloning. RFLP analysis of the clones revealed the presence of two major types of sequences ( Fig. 1) . Judging from the RFLP profiles, the first type was the Buchnera P symbiont. The RFLP profiles of the second type did not agree with those of PASS harbored by the strain IS.
Molecular phylogenetic analysis. Three clones of the second type were sequenced. These sequences, 1,444 nucleotides in size, were identical to each other. The sequence exhibited very high levels of similarity to the sequences of Spiroplasma spp. in DNA databases. Molecular phylogenetic analysis demonstrated that the 16S rDNA sequence belongs to the clade of Spiroplasma and Mycoplasma in the Mollicutes (Fig. 2) . The sequence was closely related to a Spiroplasma symbiont from a pseudococcid, Antonina crawii, a Spiroplasma strain from a tick, a male-killing Spiroplasma strain from a butterfly (Danaus chrysippus), and a male-killing Spiroplasma strain from the ladybird beetles Harmonia axyridis and Adalia punctata. From these results, it was demonstrated that the A. pisum strain SM harbors a bacterium of the genus Spiroplasma in addition to the P symbiont Buchnera.
Diagnostic PCR detection in laboratory strains of A. pisum. To examine the presence of the Spiroplasma in laboratory strains of A. pisum, we conducted diagnostic PCR experiments with specific reverse primers in combination with the universal forward primer 16SA1 (Fig. 3) . When the specific primer ApisP1 was used, the P symbiont Buchnera was detected in all seven strains examined (Fig. 3A) . When the specific primer PASScmp was used, PASS was detected in four strains: IS, MR88, TKC93, and HG99 (Fig. 3B ). PCR performed with the specific primer Rick16SR demonstrated that none of the seven strains possessed PAR (Fig. 3C) . Using the specific primer TKSSsp, the Spiroplasma was detected only in strain SM (Fig.  3D) .
Examination of hemolymph. Diagnostic PCR of the hemolymph demonstrated that the Spiroplasma is present in the hemolymph of strain SM but absent in that of strain AIST (data not shown). Many known Spiroplasma members exhibit a characteristic spiral shape, up to 5 m long, and active motility, with typical twitching movement, in the body fluid of host organisms (36, 37) . We observed the hemolymph from unwinged adults of strain SM with a phase-contrast microscope. Numerous small motile particles were found in the hemolymph. However, these particles were not so long as the Spi-
SPIROPLASMA SYMBIONT OF THE PEA APHID 1285 (4, 5, 6) . To examine whether the Spiroplasma is transferable in the same way, hemolymph from insects of the strain SM was injected into AIST individuals that are free of the Spiroplasma. Three AIST third-instar nymphs were injected with hemolymph of SM adults to generate three independent injected lines. The insects became adult around 5 days after the injection and began to deposit nymphs parthenogenetically, and the newborn nymphs were monitored for Spiroplasma infection by specific PCR (Table 3) . Infected nymphs appeared 9 to 11 days after the injection. At later stages, all nymphs inherited the Spiroplasma. Ten first-instar nymphs per generation were examined for the presence of the Spiroplasma by specific PCR over two successive generations (Table 3 ). All the offspring tested inherited the Spiroplasma. To date, one of the lines has been maintained for 9 months through 32 generations and still exhibits 100% infection with the Spiroplasma (Table 3) .
Effects on the host aphid. To evaluate the effects of the Spiroplasma infection on the fitness parameters of the host insect, we compared fresh body weight, production of offspring, and life span of strain AIST-Sp ϩ with those of strain AIST-Sp Ϫ . These strains are infected with the Spiroplasma and uninfected, respectively, but have the same genetic background ( Fig. 4; Table 4 ).
(i) Fresh body weight. Figure 4A shows the fresh body weight of strains AIST-Sp ϩ and AIST-Sp Ϫ over 17 days of development. The body weight of AIST-Sp Ϫ was slightly higher than that of AIST-Sp ϩ , although the difference was significant only at 17 days.
(ii) Age of first reproduction. The age of first reproduction of the AIST-Sp Ϫ was slightly earlier than that of the AISTSp ϩ , although the difference was not significant (Table 4) .
(iii) Longevity. The longevity of strain AIST-Sp Ϫ was significantly greater than that of strain AIST-Sp ϩ ( Table 4) . The difference was mainly attributable to the higher mortality of older AIST-Sp ϩ adults. (iv) Daily offspring production. Figure 4B shows the number of offspring produced per day per insect of the strains AISTSp ϩ and AIST-Sp Ϫ . The number of offspring produced by AIST-Sp Ϫ was slightly higher than that by AIST-Sp ϩ , and the difference was statistically significant as the age of the insects increased over 17 days.
(v) Cumulative number of offspring. Figure 4C shows the cumulative number of offspring of the strains AIST-Sp ϩ and AIST-Sp Ϫ . The number of offspring in AIST-Sp Ϫ was significantly larger than that in AIST-Sp ϩ at the adult stage, because of the accumulation of the slight differences in daily reproduc- 1, 2, 3, 6 , 7, 9, and 10 are the clones containing the P-symbiont sequence, while lanes 4, 5, and 8 are those containing the S-symbiont sequence. For strain SM, lanes 1, 2, 4, 5, 7, 8, 9, and 10 are the clones containing the P-symbiont sequence, while lanes 3 and 6 are those containing the Spiroplasma sequence. Lane M, DNA size markers (2,000, 1,500, 1,000, 700, 500, 400, 300, and 200 bp from top to bottom). 
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SPIROPLASMA SYMBIONT OF THE PEA APHIDtion and the difference in mortality as the adults aged. As a result, the total number of offspring in strain AIST-Sp Ϫ was significantly higher than that in strain AIST-Sp ϩ (Table 3 ). Occurrence in strains of A. pisum from natural populations. To examine the prevalence of the Spiroplasma symbiont, 58 isofemale clonal strains of A. pisum were established from 43 localities in central Japan and were examined by diagnostic PCR for infection with the Spiroplasma symbiont, PASS, and Buchnera ( Table 1) . As expected, Buchnera was detected in all the strains. Using two pairs of specific primers, PASS was consistently detected in 29 of 58 strains. In contrast, the Spiroplasma was found in only 4 of 58 strains using two pairs of specific primers. The 16S rDNA sequences of the Spiroplasma sp., amplified using the primers 16SA1 and TKSSsp, were determined for strains MD-2, NI, YR-1, and YR-2. The sequences were almost identical to the sequence from strain SM (data not shown).
DISCUSSION
To date, a number of endosymbiotic bacterial associates from A. pisum have been identified: Buchnera, PASS, PAR, T-type symbiont, U-type symbiont, and various types of gut bacteria (4, 5, 18, 19, 31, 34) . In this study, we discovered a previously unknown type of endosymbiont, a Spiroplasma sp., from A. pisum. Almost all members of the genus Spiroplasma described so far are associated in some way with various types of insects and other arthropods (37, 38) . As far as we know, this is the first characterization of Spiroplasma from a member of the Aphididae using molecular phylogenetic techniques.
In the phylogeny of the Mollicutes based on 16S rDNA (Fig.  2) , members of the genus Spiroplasma did not constitute a single monophyletic group but formed three monophyletic clusters in a paraphyletic manner. The Spiroplasma symbiont of A. pisum belonged to the most basal cluster of the three groups. Members of the cluster were very closely related to each other based on 16S rDNA similarity. In addition to the symbiont of A. pisum, the cluster embraced the symbiont of a pseudococcid, male-killing agents from a butterfly and ladybird beetles, and the symbiont of a tick. In an ecological and evolutionary context, it may be significant that the coccids are phylogenetically closely related to aphids (35) and that ladybird beetles are among the most important predators of aphids (26) . It also appears to be meaningful that these insects exhibit a femalebiased sex ratio, either through cytoplasmic male killing, as in the butterfly (24) and the ladybird beetles (22) , or through parthenogenesis, as in the aphid and the pseudococcid (2).
The Spiroplasma symbiont was detected in A. pisum strain SM, which had been maintained in a laboratory at Shimane Agricultural Experiment Station, Izumo, Japan, for at least 5 years, though its origin is obscure (Y. Narai, personal communication). During maintenance in our laboratory, all individu- als of the strain examined were Spiroplasma positive. Injection of hemolymph from infected insects into uninfected insects easily established a stable Spiroplasma infection in the recipients (Table 3 ). The Spiroplasma was also detected from strains of A. pisum from natural populations in Japan (Table 1) . These results strongly suggest that the Spiroplasma sp. is highly adapted to endosymbiosis in A. pisum and is capable of stable maintenance and vertical transmission in the host. It was reported that a facultative S symbiont of A. pisum, PASS, also occurs in M. rosae and is transferable to Acyrthosiphon kondoi by hemolymph injection (5, 6) . It was also reported that three types of facultative S symbionts, the R (ϭ PASS), T , and U types, were commonly detected in A. pisum and Uroleucon spp. (31) . At present, the host range of the Spiroplasma symbiont is not known.
In our injection experiments, injected Spiroplasma was vertically transmitted to the offspring of the recipient. It should be noted, however, that there was a considerable time lag between the injection and the establishment of vertical transmission (Table 3) . Newly molted adults did not transmit the Spiroplasma to their nymphs 5 to 6 days after injection, and partial vertical transmission was first detected 9 to 11 days after injection, followed by complete transmission. Two hypotheses can explain this pattern. One hypothesis is that there is a critical developmental stage at which the embryos can be infected with the Spiroplasma symbiont. Another hypothesis is that there is a threshold density of the Spiroplasma organisms which must be attained before the Spiroplasma sp. can infect the embryos in the ovarioles. To estimate which of these hypotheses is more appropriate, quantitative and histological studies on the course of Spiroplasma infection during the development of A. pisum are required.
The injection technique made it possible to evaluate the effects of Spiroplasma infection on host insects with the same genetic background. Since the comparison was conducted 7 months after the injection, the observed effects are not due to the injection itself but can be attributed to the presence or absence of Spiroplasma. Negative effects on the fitness parameters of the host insect were generally observed: decrease in body weight, reduced offspring production, and shortened life span ( Fig. 4; Table 4 ). Most members of the genus Spiroplasma are known or suspected to be parasitic, although the degree of effects may be extremely diverse between different species and under different conditions, ranging from evidently detrimental through almost neutral to sometimes slightly beneficial (36, 37) . It should be noted, however, that the negative effects on A. pisum were principally expressed in older adults (Fig. 4) . Under natural conditions, the mortality of aphids is generally very high due to severe attacks by natural enemies, such as predators, parasitoids, and pathogens (26) , which implies that old adult insects have a relatively low probability of contributing offspring. It is conceivable that the mitigated negative effects on young insects might have evolved as a strategy of Spiroplasma to ensure its own vertical transmission. In this study, the Spiroplasma symbiont was detected in 7.7% (5 of 65) of Japanese clones tested; 1 of 7 laboratory strains and 4 of 58 newly established strains from natural populations. How the Spiroplasma symbiont is maintained at such a low frequency is an intriguing problem. Although the Spiroplasma symbiont is vertically transmitted with a high fidelity (Table 3) , as long as the transmission rate is not strictly 100%, the rate of Spiroplasma infection must decline to zero as host generations proceed. In addition, this study has shown that the Spiroplasma symbiont has negative effects on the fitness of the host (Fig. 4;  Table 4 ), which would rapidly drive out the Spiroplasma symbiont from host populations. Nevertheless, the Spiroplasma symbiont is certainly present in natural populations, suggesting that some processes must counter these effects. One possibility is that the Spiroplasma symbiont has positive effects on host fitness under particular environmental conditions, which confers a net selective advantage on the host. Another possibility is horizontal transmission of the Spiroplasma symbiont.
Recently, it was reported that another facultative S symbiont, PASS, has negative effects on the growth and reproduction of A. pisum (6) , which is superficially reminiscent of the effects caused by the Spiroplasma. The intensity of the effects of PASS was dependent on environmental factors, such as temperature and host plant species. Interestingly, it was suggested that the presence of PASS may mitigate the detrimental effect of elevated temperature on the fecundity of the host (6), which may, at least partly, explain the prevailing occurrence of PASS in populations of A. pisum reported in previous studies (4, 31) and this study (Table 1) . If the Spiroplasma symbiont exerts a similar positive effect on the fitness of the host, the effect might compensate for the disadvantages to ensure the persistence of the Spiroplasma in populations.
To date, there has been no evidence of horizontal transmission of the Spiroplasma sp. between A. pisum individuals under laboratory and natural conditions. Notably, some members of the genus Spiroplasma are maintained in cycles in the phloem of plants and the bodies of plant-sucking insects that act as vectors (36, 37) . It may be possible that the Spiroplasma is sometimes transmitted from infected to uninfected A. pisum via plant phloem. Alternatively, horizontal transmission via parasitoids is also conceivable (21) .
In the evolutionary history of aphids, the P symbiont Buchnera has been highly conserved and has played essential roles for the hosts. In addition to the P symbiont, various types of facultative endosymbiotic companions have been acquired repeatedly and independently in many lineages of aphids. Where did they come from? How were they acquired by the aphids? How did they find their place in an already established mutualistic system? What are their biological functions for the host? How are they maintained in host populations? What interactions exist between the host, Buchnera, and S symbionts? Are they cooperative, competitive or antagonistic? A number of interesting problems remain to be investigated.
